Schlieren imaging has been widely used in science and technology to investigate phenomena occurring in transparent media. In particular, it has proven to be a powerful tool in fundamental studies and process optimization for atmospheric pressure plasma diagnostics, providing qualitative and (in some cases) also quantitative information on the fluid-dynamic characteristics of plasmas generated by many different types of sources. However, obtaining significant and reliable results by schlieren imaging can be challenging, especially when considering the variety of geometries and applications of atmospheric pressure plasma sources. Therefore, it is necessary to adopt solutions that can address the specific issues of different plasma-assisted processes. In this paper, an overview on the use of the schlieren imaging technique for atmospheric pressure plasma characterization is presented. In the first part, the physical principles behind this technique and the different setups that can be adopted to perform it are presented. In the second part, examples of schlieren imaging applied to different kinds of atmospheric pressure plasmas (non-equilibrium plasma jets, plasma actuators for flow control and thermal plasma sources) are presented, showing how it was used to characterize the fluid-dynamic behavior of plasma-assisted processes and reporting best practices in performing this diagnostic technique.
Introduction
The number of industrial and biomedical applications of plasmas at atmospheric pressure has been steadily increasing over the past decade [1, 2] : nowadays, plasma applications include materials treatment for the activation of surfaces or coating deposition, ozone synthesis, fuel conversion and the treatment of liquids [3, 4] bacterial inactivation and plasma-assisted medical therapies [5] , plasma actuators for active flow control on airfoils, gas turbine blades and wind turbines [6, 7] , and high temperature material processing, such as plasma spraying, arc cutting and arc welding [8] [9] [10] , etc. This versatility is gained by several possible combinations of driving power supply, management and composition of working gas, formation and propagation of the discharge and source architecture.
The need for an optimization of plasma assisted processes has prompted the scientific community to thoroughly investigate the physics of plasmas and their complex behavior in interacting with various materials (e.g. biological materials, liquids, etc.) by means of a range of diagnostic techniques [11] [12] [13] ; among these, a prominent role is held by schlieren imaging, which is nowadays widespread and extensively used for the investigation of plasma processes by studying phenomena occurring in transparent media [14] .
In fact, nearly all plasma processes have in common the fact that plasma is generated and propagates in a fluid medium. The fluid-dynamics inside and outside the plasma region play a critical role in determining plasma chemical composition and discharge morphology, the propagation of reactive species, interaction and mixing of plasma with the surrounding atmosphere, residence time of precursors in the plasma region and resulting deposition rates, among other process characteristics. From this perspective it is easy to understand why schlieren imaging, which allows one to see "the invisible" [14] , is considered a powerful tool for characterizing atmospheric pressure plasma processes and why its use is steadily increasing.
Against this background, this paper is meant as an introduction to schlieren imaging and its use as a tool for plasma diagnostics, highlighting its potentialities and providing the readers with practical examples associated with different atmospheric pressure plasma processes. The expected audience includes plasma scientists that are current and potential users of this technique. The paper is developed along two main parts: a theoretical part, concerning the physical fundamentals of the technique, the many instruments used to implement it and their preferred configurations, and a more practical part meant to deal with several examples of its use for the study of the behavior of different plasma sources and processes, describing both the type and quality of the obtainable information and the setups and practical measures adopted. As a matter of fact, even focusing only on atmospheric pressure plasmas, the temperature ranges from room temperature to several thousand K, while power can go from a few W to several kW; the characteristics of the adopted schlieren setup should be accordingly tuned. To show how this tuning of schlieren optics is performed to achieve optimal results, a selection of best practices in the conduct of experimental activities to investigate different kinds of processes assisted by atmospheric pressure plasmas is also reported in the second part of this paper, similarly to a previous paper from some of the authors concerning best practices in ICCD diagnostics of plasmas [15] .
Schlieren optical principles and instrument design
Schlieren optics arose in the seventeenth century along with microscopes and telescopes, but unlike those instruments, schlieren required two more centuries for science to mature enough to have useful applications for it [16] . Since the mid-nineteenth century schlieren optics have found use in all branches of science where transparent phenomena require visualization, including phenomena in solids, liquids, gases, and plasmas. Inventor August Toepler [17] deliberately gave the instrument a catchy name: the method of streaks (Schlieren in German).
Fundamentally, schlieren optics are able to detect changes in the refractive index n of a medium through which a light beam is passed. If the beam travels in the z-direction, then refractive-index gradients ∂n/∂x and ∂n/∂y refract light rays, but this is normally not visible to the eye. In schlieren optics the light beam is brought to a sharp focus and the refracted rays are detected by applying a spatial filter. This is illustrated in Fig. 1a , a diagram of a lens-type schlieren system similar to Toepler's original instrument. A small bright light source LS provides illumination, propagating in the z-direction, that is collimated by lens L1 and focused by lens L2. Between the lenses lies a "schlieren object" S represented by squiggly lines. Positive and negative n-gradients ∂n/∂y inside the schlieren object refract light rays upward (dashed line) and downward (solid line), respectively. (The angles of refraction are exaggerated in Fig. 1a for clarity, and are typically so small that they are measured in arcseconds, as in astronomy.)
The detection step occurs at the beam focus in Fig. 1a , where a sharp opaque edge (razor blade or knife-edge KE) blocks about half of the light beam. The upward-refracted ray is seen to miss the focus and the knife edge, so it proceeds to illuminate a point on the sensor of camera C. The downward-refracted ray is blocked by the knife edge, producing a corresponding dark point on the camera sensor. Generalizing to all the rays in the light beam, a schlieren image is formed in the camera, where the features of S are represented by light and dark zones against a uniform grey background. Fig. 1 Diagrams of different schlieren instruments: Toepler's lens-type system (a), simple "z-type" system (b), folded z-type systems with both non-parallel schlieren beams folded (c) and with the parallel beam folded twice (d), single-mirror, double-pass schlieren arrangement (e), Background-Oriented Schlieren (BOS) (f), focusing (lens-and-grid) schlieren system (g), direct shadowgraph system (h) and "focused shadowgraph" system (i). The individual components of these setups are described in detail in the text. List of the used abbreviations: B -background; BF -bandpass filter; BS -beamsplitter; C-camera; CG -cutoff grid; FLFresnel lens; FM1 -folding mirror 1; FM2 -folding mirror 2; g -defocusing distance; KE -knife-edge; L -lens; LS -light source; L1 -schlieren field lens 1; L2 -schlieren field lens 2; M -plane of camera focus; PM1 -parabolic mirror 1; PM2 -parabolic mirror 2; RL -relay lens; S -schlieren object (plasma); SGsource grid; SL -schlieren lens; SM -spherical mirror;x, y, z -Cartesian coordinates; Δy -ray displacement in y-direction; ε y -refraction angle in y-direction Twentieth-century schlieren pioneer Schardin [18] recognized that the schlieren instrument actually performs two simultaneous functions: 1) it images the schlieren object (and any associated opaque objects) sharply on the camera sensor, and 2) it discriminates refracted from un-refracted rays by way of the knife-edge, thus rendering a greyscale amplitude image of S, which is itself a pure phase disturbance. Thus schlieren optics make visible the otherwise-invisible.
A more sophisticated optical description, beyond the present scope, treats Fig. 1a as a Fourier Optical Processor ( [16] , App. B), and the knife-edge as a half-plane cutoff of the resulting spatial frequency spectrum. Many other choices are available for spatial filters in the knife-edge plane, including some that produce schlieren images in color [16, 18, 19] .
Schlieren theory
Detailed mathematical analyses of the schlieren technique are available from many sources, e.g. [16, 18, [20] [21] [22] [23] [24] [25] . For present purposes, it is sufficient to outline the geometric-optics approach by which the properties of schlieren object S are related to its image as captured by the camera. Wave-optics, especially diffraction effects, also play a role in some circumstances that are beyond the present scope.
Schlieren optics are integrative. In other words, the effects of refractive-index gradients are integrated along the path of a light ray in the z-direction. The resulting angle of refraction of a light ray in the y-direction, ε y , due to a refractive-index gradient ∂n/∂y in schlieren object S can be written as:
For the simplest case of a planar 2D schlieren object where n may vary in x and y but not z, simplifying assumptions allow this integral to be evaluated as:
Where n ∞ is the refractive index of the surrounding medium and Z is the thickness of the schlieren object in the z-direction. This equation shows that the refraction angle ε y is proportional to the strength of the gradient ∂n/∂y. For every schlieren system there is some threshold value of ∂n/∂y below which ε y becomes too small to be observed or measured.
Applying trigonometry and the characteristics of the schlieren optics, ε y can also be expressed as:
Where f 2 is the focal length of lens L2 in Fig. 1a and a is the distance that a refracted light ray is displaced above or below the beam focus in the knife-edge plane. This distance can be measured by various photometric or colorimetric methods, e.g. [26] , yielding the distribution of ∂n/∂y in the schlieren object from information in the schlieren image and Eqs. 2 and 3 above. The integration of ∂n/∂y, starting from a known point of n ∞ in the image, yields a profile of refractive index n in the schlieren object.
Once n is found from a schlieren image, it can be related to gas density ρ by the Gladstone-Dale equation [16, 20] ,
where the Gladstone-Dale constant k = 2.33 × 10 − 4 m 3 /kg for air with illumination at 0.3562 μm wavelength, for example. For plasmas the Gladstone-Dale relationship is more complicated (see for instance Merzkirch [20] Ch. 3 and Vasiliev [24] Sec. 44) and can be expressed as,
where ε 0 is the free space permittivity α + (λ) and α n (λ) are the polarizability of ions and neutrals, respectively, dependent on the light wavelength λ, ρ + and ρ n are respectively the densities of ions and neutrals, e is the electronic charge, m e is the electron mass, c 0 is the light velocity and ρ e is the density of electrons [27] . The contribution of excited species can usually be neglected, as resonance effects can alter refraction index, but the required wavelengths are usually in the vacuum ultraviolet region for common plasma gases; light sources used in schlieren imaging, even lasers, usually emit in the visible light wave range, so they won't be affected by excited species [28] . Finally, a state equation can be used to relate ρ to temperature T and pressure p, usually the perfect gas equation of state:
where R is the gas constant of the particular gas in use. Some plasmas also follow perfect-gas behavior approximately [29] , but state equations for various types of plasma have been the subject of research studies for decades. With high electron temperature (more than 10 k K for argon, oxygen or nitrogen plasmas in Local Thermodynamic Equilibrium at atmospheric pressure) dissociation and ionization further decrease the gas density. For instance, the gas constant R at 20 k K for argon is 2 times the room temperature one, while for oxygen and nitrogen is respectively 3 and 4 times higher. Non equilibrium conditions further increase this effect [30] . Equation 5 reveals that, at constant atmospheric pressure p, ρ and T are inversely related. Thus, temperature differences in the air lead to refractive-index gradients that show up in a schlieren image, allowing the schlieren technique to visualize convective heat transfer. Two other phenomena that schlieren can image are the mixing of different media such as plasma and gas, and compressible flows including shock waves.
Many schlieren objects do not have the planar 2D symmetry invoked above, but do have radial symmetry about an axis. This class includes gas and plasma jets from round orifices and many supersonic flows, for example. When the schlieren beam passes through such flows perpendicular to their axes, the effects of n-gradients are pathaveraged to yield the schlieren image. One may apply the inverse Abel transformation [31] to such path-averaged results in order to recover the true density profile. An example is given in Ref. [32] .
When no symmetry is present and the schlieren object is fully 3D, quantitative analysis of single schlieren images as described above is no longer possible. Instead, a tomographic approach yielding many images from different angles is required. An example of such an ambitious experiment is given in Ref. [33] .
Types of Schlieren instruments
Toepler's lens-type schlieren system, Fig. 1a , is one of the setups that has been used to study plasmas, but it is seldom used when the required field-of-view is larger than about 150 mm. The reason is that, already at this diameter, lenses of sufficient quality are quite expensive. Achromatic objective lenses for refractor telescopes have the quality and long focal lengths necessary for schlieren instruments, but inexpensive single-element lenses do not (not even when monochromatic illumination is used).
For diameters of 100 mm to 1 m or more, spherical or parabolic telescope mirrors are routinely used instead of lenses in schlieren instruments. Having only one precise optical surface rather than several, and not requiring high internal optical quality, mirrors in this size range are much less expensive than lenses would be if they were available. Figure 1b is a diagram of a "z-type" schlieren instrument using two first-surface parabolic mirrors, PM1 and PM2, as field elements in place of lenses. This has been the most common type of instrument used in studying plasma phenomena to date. Its name comes from the similarity of its layout to the letter z. Aside from the folding of the schlieren beam due to mirror reflections, it operates very much like the in-line lens system of Fig. 1a .
Since the mirrors are figured for on-axis use but are used off-axis in Fig. 1b , certain optical aberrations arise that can cause uneven illumination of the schlieren image even when S is not present. To minimize these, one must tilt the parabolic mirrors toward opposite sides of the parallel schlieren beam and also minimize the tilt angles of the mirrors by choosing mirrors with long focal lengths, preferable at least f/8 if not f/10. More detail on this issue is found in Refs. [16, 22] .
Sometimes the long focal lengths in Fig. 1b make the schlieren system unwieldy in cramped quarters, requiring the entering and leaving light beams to be folded again as shown in Fig. 1c . In this case planar first-surface folding mirrors FM1 and FM2 are used. These cause no additional optical aberrations if the tilt angles of PM1 and PM2 are not increased, but they do lead to a more-complicated optical alignment procedure.
The folded z-type schlieren system is especially useful for looking through the windows of a test facility such as a wind tunnel (indicated by a dashed outline in Fig. 1c, d ). Wind tunnels tend to be housed in long narrow rooms, the narrow dimension necessitating the folding of schlieren optics. In extreme cases the parallel schlieren beam can be folded twice, as shown in Fig. 1d . Such a compact schlieren system serves the transonic wind tunnel of DLR Göttingen, for example, where it is entirely inside the pressure plenum of the facility. Note that the large first-surface folding mirrors FM1 and FM2 must be flat to better than ¼ wavelength of light across their surfaces. They may cost as much or more than the parabolic mirrors.
Because of the double folding, the parabolic mirrors in Fig. 1d appear to both be tilted in the same direction, but they are actually tilted toward opposite sides of the parallel schlieren beam. There is a tendency to tilt PM1 to the other side, making a schlieren system of "Ω-type." This is unwise, though, because it doubles rather than cancels the astigmatic aberration of the schlieren system [16, 22] .
One more mirror-based schlieren instrument of practical interest is shown in Fig. 1e . A spherical mirror SM, when illuminated by a small light source LS at its radius of curvature, returns the light exactly to the source. A beam-splitter BS deflects half of the reflected beam to the side, where knife-edge KE is inserted at the focus and camera C records a schlieren image. The schlieren object S is located close to the mirror, and (unlike Fig. 1a-d ) is illuminated by non-parallel light. This is called a single-mirror, double-pass schlieren arrangement because, with proper alignment, an illuminating ray passes twice through each point in S and thus receives twice the deflection angle of the single-pass instruments described earlier. This plus the large distance between LS and SM (twice the focal length of SM) make this schlieren system very sensitive to weak refractive disturbances. The mirror can be quite large; a double-pass system with a mirror of 1 m diameter is described in Ch. 4 of [16] . If a parabolic mirror is used in place of SM, then a working schlieren instrument can still be made with the addition of some correcting optics [34] . Figure 1f diagrams a relatively-new synthetic schlieren method called BackgroundOriented Schlieren (BOS). Camera C images a distant patterned background screen B. Images of schlieren object S in front of B contain small shifts Δy in background structure due to refraction. There is no knife-edge in this simple synthetic schlieren instrument, but digital image processing is able to measure Δy over the entire image and construct a pseudo-schlieren image without the lenses or mirrors of Fig. 1a -e.
BOS has attracted a lot of interest, but has apparently been used only once to date for imaging plasmas [35] . It has great potential for large-scale and outdoor schlieren imaging with natural backgrounds, but also suffers from low resolution, lack of real-time schlieren image observation, non-parallel illumination, vibration sensitivity, and focusing difficulties. For most plasma investigations, it is no replacement for the laboratory instruments described earlier. More information on BOS can be found in [14, 36] . Figure 1g shows a "lens-and-grid" or "focusing" schlieren system (Ref. [16] Ch. 4) in which the light source is a large backlit source grid SG combined with a Fresnel lens FL. This grid is imaged by schlieren lens SL in plane CG, where a matching negative cutoff grid serves the purpose of a knife-edge. A relay lens RL then conveys the schlieren beam to camera C. Due to its large light source and aperture, this schlieren system has a narrow depth of focus at S, which is useful in isolating S from other refractive disturbances elsewhere along the optical path.
Finally, direct shadowgraphy [16] , Fig. 1h , has also been used to observe plasma flows. In this extremely simple setup, light source LS and lens L project a parallel light beam through the schlieren object S and into the camera C. The camera is not focused on S, however, but rather on plane M at a distance g from S. Refractions in S naturally cast shadows in the resulting image, whose intensity variations indicate the Laplacian of the refractive index n (∂ 2 n/∂x 2 + ∂ 2 n/∂y 2 ). To avoid blur, the shadowgraph light source must be quite small, typically less than 1 mm in size.
The direct shadowgraph setup of Fig. 1h suffers from a small field-of-view that is limited by the camera lens diameter. A better approach is to adapt the z-type or lens-type instruments, Fig. 1a-b , for shadowgraphy by removing the knife-edge and focusing the camera lens on plane M rather than S. This so-called "focused shadowgraph" approach is diagramed in Fig. 1i .
Light sources
Schlieren and shadowgraph light sources have traditionally included incandescentfilament bulbs, compact arc lamps, spark gaps, and flashlamps [16] . Recently LEDs have been added to this list [14] , entirely replacing the dangerous spark gaps and providing broadband or monochromatic illumination inexpensively. Best of all, LEDs can be pulsed repeatedly at sub-microsecond intervals, which none of the other available light sources can do. Compact arc lamps, however, still outshine LEDs for high-speed imaging where continuous illumination is required.
Some plasmas produce intense self-illumination that can cause problems by overriding and washing out a schlieren image. A narrow opaque slit mask in the knife-edge plane can eliminate much of this stray light that is off-axis. Otherwise, the combination of a monochromatic light source and a corresponding bandpass filter BF ahead of the camera is often used in plasma studies to limit the effect of self-luminosity. Some LEDs have the advantage for this purpose of being monochromatic but not spatially coherent, as are lasers. When a laser is the schlieren light source, the usual razor-blade knife-edge cutoff cannot be used, and must be replace by a graded filter (Ref. [16] Ch. 5).
Cameras
Essentially all film cameras for schlieren and shadowgraphy have now been retired [14] . Figure 1 uses a Digital Single-Lens Reflex (DSLR) camera as an icon, and such consumer-grade cameras do serve well for both still and video schlieren imaging so long as microsecond exposures or high frame rates are not required. Most other consumer-grade cameras and camcorders are unsuitable due to fixed lenses with tiny apertures that would vignette the schlieren beam.
Beyond that, there is a broad range of scientific-grade CMOS and CCD cameras that can serve as schlieren cameras. Some of them can reach modestly-high frames rates of several hundred frames/s.
A new generation of digital high-speed cameras has replaced the film-based drum and rotating-mirror cameras of the twentieth century. These new cameras typically have CMOS sensors, megapixel resolution up to 20,000 frames/s, and frame rates as high as 5 million frames/s. Commercial examples of such cameras include the Photron Fastcam SA-Z and the Vision Research Phantom V2512. Their chief disadvantage is their cost, which is currently so high that a government or private grant is generally required to purchase one. It is worth mention that higher performance can be reached by some lab-made cameras, such as the one developed by the MIT Media Lab, which is able to reach a frame rate of around 10 12 frame/s [37] .
Schlieren imaging for the study of atmospheric pressure plasmas
Schlieren imaging of atmospheric pressure plasmas is a powerful technique to address fundamental studies concerning their fluid-dynamics as well as to study, characterize and optimize processes assisted by them. Moreover, being completely non-intrusive, schlieren imaging presents a major advantage over other techniques, such as Particle Image Velocimetry (PIV), that use tracers, which could be affected by the electromagnetic field of the plasma. Since atmospheric pressure plasma sources show marked differences among themselves, the schlieren setups should be tuned case-by-case in order to achieve a thorough characterization of the plasma fluid-dynamics occurring in the processes under study. From this perspective, even if not comprehensive of all the existing atmospheric pressure plasmas, three main categories of sources and processes have been identified among research papers in which schlieren imaging is performed on atmospheric pressure plasmas and the schlieren setups therein adopted are discussed in this work: non-equilibrium Atmospheric Pressure Plasma Jets (APPJs), plasma actuators for flow control and thermal plasma sources. For each category, a selection of the published work has been made in order to present useful considerations, suggestions and practical examples on the use of schlieren imaging to obtain qualitative and quantitative information. These solutions may be suitably implemented in the readers' optical setups to achieve new and optimal results during their research activities.
Non-equilibrium APPJs
In order to satisfy the requirements and demands involved in different biomedical and industrial fields for devices able to promote the production of different reactive and charged species at ambient temperature and deliver them into the surrounding environment, jet configurations were taken into account, leading to the development of the cold Atmospheric Pressure Plasma Jets (APPJs). In APPJs, usually working with noble gases such as helium, neon or argon, a plasma plume flows from the nozzle into the surrounding atmosphere.
Although devices with jet-like flows have been well studied in the industrial field, a thorough description of their behaviour requires the use of complex physical models, necessarily supported by direct experimental measurements [38] , where schlieren imaging can play an important role for the visualization and interpretation of fluid-dynamic phenomena. Moreover, since plasma is a reactive and conductive gas, the fluid-dynamics of an APPJ may be strongly affected by the chemical and electrodynamics forces, driven by different physical quantities such as reactive and charged species concentrations, gas temperatures and electric fields. Under this view, schlieren imaging has been adopted to obtain reliable measurements of the flow characteristics of APPJs with the aim to evaluate reactive species transport and process feasibility [39] .
Considering the best practices in the experimental setup of the schlieren imaging of APPJ, it is worth highlighting that the knife-edge is generally aligned with the axis of the jet produced by the plasma source [28, [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] , because the highest gradients of refractive index in the jet region are radial. Moreover, some groups have suggested investigating APPJs placed in a horizontal orientation in order to emphasize buoyancy effects due to the different density of the working gas (e.g. helium, argon…) in comparison with the surrounding air [40, 41] .
Regarding the choice of the light source for schlieren analysis of APPJ, no relevant trends can be found. Thanks to the low luminous intensity of the plasma plume produced by APPJs, there is a wide availability of light sources ranging from monochromatic lasers to broad-band-spectra lamps. As a general indication, on one hand, light sources with a narrow spectral range, such as LED or laser [28, [41] [42] [43] [44] [45] [46] [47] , lead to optimization of the light path because the interaction between radiation and optical components (lens, mirrors, detectors…) is a function of wavelength and leads to noise reduction from the self-luminosity of the plasma plume (for example using green light); on the other hand, high intensity lamps, such as xenon or mercury arc lamps [48] [49] [50] [51] 54] , characterized by a continuum spectrum, guarantee that a great many photons reach the detector, enhancing the resolution of collected images and allowing the use of high-speed cameras for time-resolved investigation.
Schlieren imaging has easily allowed direct investigation of how the jet flow of APPJs can be affected by the ignition of plasma, inducing a displacement of the transition point from laminar to turbulent flow [49, 52] .
Furthermore, the understanding of plasma plume fluid-dynamics can be further enhanced if schlieren imaging is coupled with other imaging diagnostic techniques. For example, since the plasma plume itself emits luminous radiation, the interplay between the characteristics of the luminous plasma plume and fluid-dynamic phenomena can be investigated through a combination of standard or intensified camera (ICCD) imaging and schlieren visualization. In particular, the use of an ICCD camera is recommended when it is necessary to study short-time-scale events, such as micro-and nano-pulsed discharges, or a plasma plume with a low selfluminosity. Although several configurations of APPJ exist that can be driven by different voltage and frequency waveforms, conventional and schlieren imaging can be easily used for different purposes, such as to find the operating conditions that maximize the elongation of the plume [41, 53] , to evaluate modification of the plasma plume induced by the presence of a nearby conductive substrate [43, 57] , or to study the interaction of multiple plasma plumes in an APPJ-array [42] . Moreover, using ICCD and schlieren images, Boselli et al. [48, 54] highlighted how the branching of the plasma plume structure of a ns-pulsed APPJ occurs at transition to turbulence and the rare-gas concentration drops due to mixing with the ambient air, as represented in Fig. 2 .
With the purpose of studying the temporal evolution of turbulence generated by pulsed APPJ, different groups have improved schlieren imaging by adopting high-speed cameras [45, 48, 50, 54, 56] . In particular, studying APPJs driven by pulse generators at low frequency (lower than 1 kHz), some research groups [45, 48] have observed how the ignition of plasma discharge can develop a turbulent front propagating downstream through the jet.
Absorption and emission spectroscopy are two diagnostic techniques that can yield significant results when coupled with schlieren imaging. Indeed, through this coupling the researchers can evaluate the spatial distribution and temporal evolution of emitting species and the temperature field of APPJs [54] .
Because of the variety of APPJ source configurations, the development of a numerical model that can well describe and simulate the fluid-dynamics and spatial distribution of chemical reactive species of an APPJ is considered a crucial step to approach the needs of the industrial and biomedical fields. Schlieren imaging with other diagnostic techniques, such as thermocouple measurements and infrared thermal imaging, can be used to validate and optimize the computational models for the simulation of APPJ flows by comparing numerical and experimental data [40, 47] . With a similar approach, Papadopoulos et al. [44] , through the merging of a numerical model and schlieren results (an example is given in Fig. 3 ), investigated the interaction between fluid-dynamic and electro-dynamic forces in the effluent of an APPJ, showing that, in their experimental setup, the flow field alteration is mainly affected by the electro-dynamics, rather than by local gas temperature variations.
Moreover, as reported in [26] , schlieren imaging can be also used to obtain quantitative information: Schmidt-Bleker et al. [46] have proposed a method to find the distribution of species density, gas temperature and calorimetric power of APPJs, combining schlieren images with computational fluid-dynamics simulations. These authors have suggested using a dielectric filter with a transmission wavelength of 550 nm and a full width at half maximum of 10 nm in front of the camera in order to eliminate the self-luminosity of the plasma and the background radiation. It is worth mentioning the paper appendix, where a few aspects of quantitative schlieren are presented, such as sensitivity determination and some advantages and disadvantages of using a circular aperture.
Following this approach, recently Chamorro et al. [28] , derived the temporallyaveraged values of the gas temperature of the jet by processing the gray-level contrast values of digital schlieren images and coupling them to a simplified kinetic model of the jet effluent region. With their setup, the authors managed to obtain radial profiles of contrast in a "plasma off" condition that were quite symmetric, while asymmetries occurred in "plasma on" conditions, probably induced by an asymmetric discharge generation. These departures from radial symmetry of contrast can perturb the data elaboration when Abel inversion is performed, especially towards the jet axis. Nonetheless, the comparison of the calculated temperature values with k-type thermocouple temperature measurements shows an error below 5 K.
By means of schlieren imaging, Bradley and et al. [51] have investigated the relationship between the region of impact of the APPJ effluent transporting the reactive species and the surface affected by a wettability modification. In particular, they have pointed out how the area with an increased water wettability, quantifiable through the measurement of the water contact angle (WCA), is larger than the area reached by the visible plasma plume. The same authors have also studied also the increase of hydrophilicity induced by a APPJ with the plasma plume and gas outflow directed parallel to and just above the sample surface; they have shown how a detectable reduction of the WCA occurs over all the surface covered by the turbulent part of the APPJ effluent, although no impinging point between the visible plasma plume and the targeted surface was present in this particular setup [50] .
Moreover, considering that APPJs have also found great interest in the last decade in the field of liquid treatment, it is worth highlighting how Shimizu et al. [55] applied schlieren imaging for the characterization of thermal flow fields and transport of chemically reactive species in gas and liquid phases, pursuing a more thorough understanding of the transport mechanisms occurring across the gas-liquid interface. Schlieren images, coupled with PIV imaging (for measurement of flow patterns in the liquid phase), showed how APPJ effluent induces a circulating flow in the liquid and the chemical components generated in the gas phase are dissolved and carried by convection in the liquid (Fig. 4) .
Even if not strictly correlated to APPJs, the use of schlieren imaging performed with an ICCD camera and a laser diode can be suitable for studies with extremely high temporal resolution of plasmas in liquid phase. This setup, for example, allowed investigators to detect the formation of a negative pressure region in the vicinity of a highvoltage pin electrode driven by nanosecond pulses and the following formation of a shock wave [58] . The phenomenon, attributed to the electrostriction mechanism, may play a key role in the development of breakdown in the liquid phase. An et al. used a similar setup with a different purpose: to study the fast development and propagation of primary and secondary streamers and analyse their morphology (e.g. bush-like and filamentary) in transparent liquids [59] .
Plasma actuators for flow control
Being a characterization technique of common use in aerodynamics, schlieren imaging has been widely employed to study the fluid-dynamic phenomena induced by plasma actuators, which are designed to affect the surrounding atmosphere through different mechanisms, like the production of ionic wind, the alteration of the laminar-turbulent transition location in a boundary layer, the suppression of flow separation, and the formation of vortices and pressure waves. Different types of plasma actuators have been adopted to achieve desired fluid-dynamic effects, such as surface Dielectric Barrier Discharges (DBDs), Sliding Discharges (SDs) and sparkjets [6] .
Most of the studies on plasma actuators present conventional schlieren optics, such as z-type systems with or without flat folding mirrors [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] , as are used in wind tunnel facilities. The knife edge is employed both in the horizontal and vertical positions and all the different light sources previously discussed have been adopted also for the characterization of plasma actuators, like lasers [35, 66, 77] , LED lamps of a few W power [67, 69, [78] [79] [80] [81] , pulsed lights [60, 64, [70] [71] [72] 82] and arc or halogen lamps [61-63, 65, 74-76, 83, 84] .
As reported in section 1.2, only Biganzoli et al. suggested using BOS to characterize plasma actuators [35] . They show some preliminary results on an AC-surface DBD and the ionic wind induced by the source. BOS permits simultaneous observation of the gradient of refractive index in two orthogonal directions, allowing one to portray fluiddynamic phenomena characterized by a 2D field of n, while standard schlieren setups are limited to the component perpendicular to the knife edge when the usual knifeedge is used as a cutoff. However, as described in section 1.2, BOS suffers from several drawbacks that can negatively affect the quality of the results, and therefore its use on plasma actuators remains marginal.
Most of the studies on plasma actuators have used schlieren imaging mainly to qualitatively investigate the induced fluid-dynamic phenomena [35, 61-63, 65, 66, 68, 73-77, 84-87] . Some research groups have used phase-locked schlieren imaging to perform their studies, since in this technique the acquisition is synchronized to a specific instant with regard to the frequency of the discharge, thus allowing one to produce more accurate images obtained by the average of several acquisitions. This can also be useful to obtain important data, such as the speed of induced pressure waves and jet flows [62-64, 70, 72, 78-80, 82, 85] . The drawback of this method is that the stochastic flow perturbations induced by the discharge are neglected, being treated as noise, as reported by Leonov et al. [77] .
To further highlight the effects of the plasma discharge on the gas density, Komuro et al. [81] have post-processed the acquired frames by subtracting the background signal taken before plasma ignition. Furthermore, they realized some "streak pictures" from the schlieren frames in order to easily evaluate the spatio-temporal evolution of the studied phenomenon along three spatial axes defined with respect to the profile of the airfoil employed in their experiments.
An original setup to enhance the quality of the schlieren images in a wind tunnel facility has been presented by Hai et al., focused on the study of the flow separation control on an airfoil model through nanosecond-pulsed DBDs [69] . They heated the wall of the airfoil model, placed inside the wind tunnel, in order to create a difference of temperature between the airfoil model and the main flow, that resulted in an increased difference of the density between the air impinging on the airfoil and the undisturbed flow. Using this setup, they revealed that pressure waves were not relevant to the delay of flow separation, which was regulated by viscous disturbances, i.e. the heated air with different viscosity.
Some research groups have used schlieren images to compare simulated and experimental results and to validate numerical models, from which quantitative information on the investigated phenomena can be obtained, especially on the aerodynamic forces [61, 68, 71, 83, 88] .
Other studies obtained quantitative data directly from the schlieren frames. Sosa et al. studied the flow induced by a SD or a surface DBD, using two vertical helium jets placed near to the source (Fig. 5, upper) in order to gain contrast in the obtained images [73, 74, 89] . Here the helium serves as a tracer, having a lower density than the surrounding air and also enabling observation of the effect of the induced ionic wind outside the central region of the SD without significantly affecting the plasma discharge characteristics. Moreover, the authors developed and applied the Schlieren Image Velocimetry technique, which is a dense motion estimator to extract velocity fields from the obtained frames (Fig. 5, lower) [73, 74] . This technique is based on the minimization of an energy function consisting of a data term, which relies on the physical relation between the luminance and the fluid density gradient, and a regularization term. More details on the principles of this technique can be found in [90] .
Another method to obtain the velocity fields from schlieren frames was proposed by Cristofolini et al., based on an intensity integral function and its relationship with the gas density [61] . The velocity profiles were calculated from the pixel intensities of the schlieren images and then compared with the profiles obtained from pitot tube measurements, showing a good agreement for most of the conditions studied, as also seen in the work of Gao et al. using the same method [67] .
Correale et al. used an image-processing algorithm, based on a threshold set on the light intensity, to estimate the heated region produced by the discharge of a nanosecond-pulsed DBDs (as shown in Fig. 6 ), thus evaluating the distribution of the energy released by the nanosecond-pulses [64] .
Takashima et al. have studied the pressure waves produced by a nanosecondpulse DBDs on planar or cylindrical surfaces using a technique different from the approach of post-processing the obtained schlieren frames [78] [79] [80] . In this case, the density gradient of the waves was inferred from the schlieren images using a pair of wedge-shaped glass prisms to perform a calibration of the schlieren system, as these windows can be rotated in order to change the schlieren signal intensity. The use of optical prisms or wedges of very small angle as schlieren calibrators dates back to 1957 [91] . 
Thermal plasmas
Compared to the more recent non-equilibrium plasma sources presented in the previous sections, which date back as far as twenty years, thermal plasmas have quite a longer history of industrial applications, such as material synthesis [8] , thermal spray [9] , plasma cutting [92] and welding [93] . Accordingly, several examples of schlieren imaging investigations of these plasma sources are reported since the early 50's [94] , even without the use of modern light sources and digital cameras.
Starting from the end of the 80's, a few investigations on thermal plasma spray by shadowgraphy and/or schlieren imaging are reported, in order to evaluate air entrainment in the plasma jet due to the transition from laminar to turbulent behavior, as the presence of air can oxidize the particles injected in the plasma, affecting the quality of the resulting coating. These papers present mainly results obtained by other diagnostic tools, such as laser doppler anemometry, coherent anti-Stokes Raman spectroscopy [95] , and enthalpy probe and mass spectrometry measurements [96, 97] . Shadowgraphy and schlieren imaging are used to support the visualization of the plasma torch outflow for different operating conditions. Moreover, almost no description of the adopted imaging setup is provided. Pfender et al. [95] used a shadowgraphy system with an image of 75 mm diameter to visualize a 350 A argon plasma jet in air. By increasing the gas flow rate from 305.8 to 1834.9 slpm the onset of the transition region from laminar to turbulent flow moves upstream, with a reduction in the size of the turbulent eddies. The reported images are affected by an intense plasma jet light emission which partially covers the jet outflow, probably due to the fact that no filters have been used and the exposure time of the camera was not short enough to dim the light emitted from the plasma. Russ et al. [97] managed to overcome the plasma intensity of a 450 A argon jet by using a laser shadowgraph system with a pulsed argon ion laser (1 W at 514.5 nm, with approximately 0.1 ms pulse duration) and an exposure of 1 μs, allowing them to investigate the region close to the nozzle exit. In the same paper, the behavior of a nozzle that reduced the outlet turbulence through a flow straightener was investigated by schlieren imaging, with heated air and helium (without plasma), for different flow rates, temperatures and turbulence conditions. The observed behavior of the jet was not confirmed by shadowgraphy of an operating plasma torch with similar flow conditions (in terms of relative difference of density between the jet and the surrounding air). The authors suggested that the erratic behavior of the plasma spray arc, which is commonly Fig. 6 Unprocessed schlieren frame of the discharge of a nanosecond-pulsed DBD (left) and the same frame in which the heated region produced by the discharge is estimated by means of an algorithm processing the light intensity (right) [64] © Deutsche Physikalische Gesellschaft. Reproduced by permission of IOP Publishing. CC BY-NC-SA subjected to swirling gas flow and to anodic arc reattachment, was a possible explanation for the difference.
Raghu et al. [98] used a focusing schlieren setup (Fig. 1g) and a strobe light source to compare the behavior of two different plasma spray guns, respectively gas-and waterstabilized, operated at approximately 400 A. The gas-stabilized torch used its nozzle walls as anode, while the water-stabilized torch had an external rotating anode at the exit of its nozzle. While the focusing schlieren setup should have a narrow depth of field and the ability to minimize the plasma glow, the reported images are quite blurry and with an evident overexposure due to the plasma emission. It was possible to measure a half-angle of the jet spread of 20°and to verify that the water-stabilized plasma gun had a more asymmetric behavior than the gas-stabilized gun due to the external rotating anode.
An Ω-type setup in a controlled pressure plasma reactor has been used by Henne et al. [99] for the characterization of three modified-anode nozzles designed for a commercial plasma gun, also supported by enthalpy probe, mass spectrometry and in-flight particle measurements. They used a Xe-pumped Nd-YAG pulsed laser (532 nm, with pulse duration of 5-7 ns) as light source and a small circular aperture in place of a knife-edge cutoff. With just 100 kPa of pressure inside the reaction chamber the refractive index gradient of the jet boundary was at the limit of detectability of the schlieren imaging setup. By gradually increasing the pressure up to atmospheric the gradients became more evident. At 30 kW, with 45 slpm of argon and at low pressure, the jet is laminar, but changes to turbulent flow with pressures higher than 20 kPa.
A recent paper by Horba et al. [100] investigated a 500 A water-stabilized plasma torch by means of a lens-type schlieren imaging setup, using a pulsed Nd laser (540 nm, 35 ns of pulse width) and probably a circular aperture schlieren cutoff (not specified in the paper). In this paper the presence of "plasma structures" (small bodies of plasma within the surrounding cold atmosphere) ejected from the plasma jet boundary is also verified by electrical probe measurements.
Concerning atmospheric pressure radio frequency induction plasmas, it seems that there are no studies involving schlieren imaging with plate powers higher than a few kW. The use of such plasmas is usually associated with reaction chambers, which would require several complex modifications in order to allow the schlieren light beam to reach the region of interest; moreover, the interaction of the plasma jet with cold surrounding air is prevented by the reaction chamber walls, with the reactor usually filled with the same gas that operates the plasma torch. However, torches for Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) in the 0.3 -2 kW power range have been recently investigated by a couple of research groups. Nagulin et al. [101] presented results on high-speed schlieren imaging of the plasma ignition and operation of a standard 2 kW ICP torch for OES and compared with 3D modelling results. A lens-type schlieren imaging setup was used, with a 450 W arc Xe lamp and with both horizontal and vertical knife edge orientations. The authors compared modelling results of temperature distribution directly to schlieren frames, arguably concluding that they were "almost identical". However, the temperature distribution cannot be directly used for comparison with schlieren frames, as refractive index, (proportional to density) and temperature have an inversely proportional correlation. Moreover, temperature profiles lack information on pressure and composition distribution, which also affect refractive index. The inaccuracy of this approach is confirmed by the several evident differences between the schlieren frames and the temperature profiles shown in the paper. Also the high-speed schlieren frames obtained with the knife edge oriented perpendicularly to the ICP axis are quite blurred, even compared to other images in the same paper.
A similar ICP torch was investigated by Boselli et al. [102] with a z-type schlieren setup, and also using direct high-speed imaging, correlating schlieren and high-speed imaging for different feed gas flow rates and plate power levels. The use of schlieren imaging also allowed them to analyze the outflow of a quenching device, designed for the production of reactive species for biomedical applications [103] and placed at the ICP torch outlet. The use of a knife edge perpendicular to the ICP axis allowed the imaging of the device outflow as it impinged on an agar plate, even though it was partially covered by a curtain of heated argon rising due to buoyancy. Traldi et al. [104] analyzed by schlieren imaging an ICP jet either impinging on a cylindrical substrate or in the free flow regime. Schlieren imaging allowed to evaluate the strong influence of the feed gas flow rates on the shape of the plasma plume and how the presence of the substrate affects the fluid-dynamics of the effluents. The frames obtained were correlated with simulated velocity vectors coming from 3D modeling results, showing that the fluid-dynamic characteristics of the plasma plume were properly reproduced by simulation.
In plasma cutting technology, cut quality can be strongly affected by a turbulent interaction between the effluent jet (the plasma arc column surrounded by its cold gas shroud), and the surrounding atmosphere downstream the torch nozzle; highspeed and schlieren imaging have been adopted to investigate this behavior by several groups [92] . Bemis and Settles [105] performed the first study on oxygen plasma cutting of mild steel by schlieren imaging. A 30 A commercial plasma torch was investigated with a lens-type schlieren setup, a vertical knife edge and a microsecond-flash lamp synchronized with a video camera. In order to improve the image contrast, several different filters were used. The turbulence generated by the arc-air interaction is shown over and below the steel plate, and even well-focused liquid metal ejections and trails are visible.
Kim et al. [106] used a z-type setup for comparing the performance of two different 60 A plasma torch consumable sets. A 700 W mercury-arc light source was used, with a first neutral filter to control the background light, a second filter to control the arc column intensity and, finally, a circular cutoff instead of a knifeedge. Schlieren imaging was used by these authors mostly to compare in terms of width and symmetry of the arc its stability for two consumables sets, using line intensity analysis, a fast Fourier transform of the video signal and a log-Gabor filter to evaluate symmetry [107] . The same investigative approach has been used by the same authors to analyze the increase in constriction and symmetry of the arc due to the use of micro-jets [107] .
Cantoro et al. [108] also used windowed standard deviation and the Generalized Autoregressive Conditional Heteroskedasticity (GARCH) approach to map the variance intensity of the turbulence in each region close to the plasma jet. They used a 450 W xenon arc lamp and a z-type schlieren setup to analyze a 25 A cutting torch. Prevosto et al. [27] proposed a technique based on the reconstruction by Abel inversion of refractive index, arc temperature and ionized-species density profiles. Their reconstruction method requires knowledge of the pressure in the region of investigation; so they focused at 3.5 mm below the nozzle on the torch axis, far beyond the shock front of a typical plasma cutting torch, and a position where atmospheric pressure could be assumed. They investigated a 30 A cutting torch on a rotating anode by using a z-type schlieren system with a vertical knife edge and a 20 mW continuous laser source (main wavelength 632.8 nm) with a bandwidth filter to block the arc light. The same authors [109] improved their technique by using an additional laser source (main wavelength 514 nm), another bandwidth filter and a beam-splitter to allow the use of both laser sources. As the refractive index of the electrons is strongly dependent on the light wavelength of the probe beam, using two different light sources and modified two-temperature Saha equations the authors were able to separately evaluate the electron and the heavy particle temperatures.
Schlieren imaging has been used as valuable research tool in plasma welding in order to visualize the flow of the shield gas which surrounds the welding arc, protecting the weld pool from air intrusions [93] . To our knowledge, the first paper on schlieren photography of Gas Tungsten Arc Welding (GTAW) was published by Moen and Gibson in 1952 [94] . The authors used a 1.25 μs shutter and a 5 μs flash tube to investigate the behavior of argon and helium as shield gases, with a z-type schlieren setup and several different welding positions. In each picture the arc region is affected by light overexposure, but nonetheless by using a knife-edge in the horizontal position it was possible to verify the coverage of the shielding gas on the welded metal plate. Another paper published in the late 70's involving the schlieren imaging of GTAW and Gas Metal Arc Welding (GMAW) sources was written by Kiyohara et al. [110] . The authors solved the arc light overexposure issue by using a He-Ne laser source (main wavelength 632.8 nm) with a bandpass filter and an Ω-type optical setup, allowing them to analyze the interface between the shield gas and surrounding air for different operating currents and shield gas flow rates. Unfortunately, this paper is only available in Japanese so several details on the setup and the results are not easily understandable.
More recently Schnick et al. [111] used a z-type schlieren system to investigate a 100 A GTAW source. They have shown that, by increasing the shield gas flow rate, there is a change from laminar to turbulent behavior which increases the air mixing in the weld puddle and negatively affects the welding bead quality.
An extended study of the potential of schlieren imaging has been performed by Siewert et al. [93] . The effect of several different solutions, such as different knife-edge orientations and choices of light source, are presented for GTAW, GMAW and plasma-arc welding. A recent work by Bitharas et al. [112] investigated the effect of varying the composition of the shield gas by an alternating Ar-He supply during a 100 A GTAW process. They adopted a z-type schlieren setup and a 10,000 lm LED source with a 633 nm bandpass filter and a vertical knife edge.
Conclusions
In this paper, the potential of schlieren imaging for atmospheric-pressure plasma diagnostics has been presented. Thanks to schlieren imaging, much information can be obtained on the fluid-dynamic phenomena occurring in plasma processes in a non-intrusive way. The mixing of plasma-source effluent with the surrounding air and the generation of viscous disturbances which delay flow separation in a plasma actuator are just two examples of the phenomena observable by this technique. In the first part of the paper, schlieren theory and instruments were presented together with the main characteristics of most common schlieren setups and their drawbacks, which have to be taken into account in the choice of which schlieren setup to use. In the second part of the paper several practical examples exploiting the advantages of schlieren imaging and suggestions on how to address the experimental issues typically encountered when using schlieren imaging as a plasma diagnostic were reported, focusing on APPJs, plasma actuators for flow control and thermal plasma sources. This work reveals that schlieren imaging is a powerful diagnostic tool, not only for fundamental research but also for processes optimization, and that it is important for numerous plasma applications. Availability of data and materials Data sharing not applicable to this article as no datasets were generated or analysed during the current study.
